INTRODUCTION
The recent advances in macroparticle accelerators and especially the advances in electromagnetic gun technology have renewed i n t e r e s t i n the concept of impact fusion that was f i r s t proposed in the early 196OsC1 I. The Department of Energy i n i t i a t e d a review of impact fusion concepts i n mid-1979. A team consisting of the University of Washington and the Los Alamos Scientific Laboratory was selected to perform a technical analysis of and generate criteria for impact fusion.
A major workshop on impact fusion was conducted in early July of 1975 by the UW/Los Alamos team in Los A 1 amos, New Mexico[21, and a final report has been issuedC31.
Like other inertial confinement fusion concepts, the major application of impact fusion would be t o the generation of e l e c t r i c power. W e shall review the possible applications of electromagnetic guns to impact fusion for electric power based upon the results of the above workshop and technical analysis.
IMPACT FUSION CONCEPT
Impact fusion i s the conversion of the kinetic energy of a f a s t moving, i n i t i a l l y s t a t i o n a r y macroparticle projectile into the internal energy of fusile material.
The resulting internal energy o f the fusile material is great enough to produce a f u s i l e plasma t h a t has a temperature, pressure, and density sufficiently h i g h i n a t l e a s t one location to produce a thermonuclear reaction. This i n i t i a l fusion reaction may be large enough to cause fusion ignition of a sizeable fraction of the f u s i l e plasma. To produce a significant energy gain, a substantial fraction of the reacting fusile material must be consumed and converted t o ash before the f u s i l e mass disassembles and the thermonuclear burn i s quenched. Since the inertia of the projectile prolongs the disassembly process, impact fusion i s generically an inertial confinement fusion (ICF) concept.
The conversion o f kinetic energy into internal energy i s accomplished by colliding the macroparticle projectile with a stationary target or w i t h another macroparticle projectile inside a reaction chamber. The necessary length of the macroparticle accelerator, perhaps hundreds of meters o r more, precludes the use of many isotropically converging macroparticle beams. A two colliding projectile target system, a t most, is considered feasible.
To produce e l e c t r i c power, the energy re1 eased by the thermonuclear process i s absorbed by the reaction chamber wall and transferred to a working f l u i d t h a t i n t u r n drives an electric generator.
The d e b r i s i s exhausted from the reaction chamber, and the process i s repeated. As i n other fusion power concepts, neutrons produced in the thermonuclear burn can be captured i n a breeding blanket for fusion fission hybrid operationC41. Power reactor that i s capable of containing 100 gigaJOUle pulses w i t h duty cycles as short as one PUl se every ten seconds using about a ten meter radius fluid wall vessel [5, 6, 71. Williams, Booth, and Krakowski have shown that the minimum thermonuclear y i e l d per pulse must be more than 1 gigajoul e i f t h e power plant i s to be cost competitive w i t h other forms of power generation even i f the c o s t of the expended target system is a s low as $1 per pul seC8j. T h i s same system study showed t h a t the r a t i o Q of thermonuclear yield per pulse to projectile kinetic energy must not be l e s s than about t h i r t y i f there i s t o be a reasonable recirculating power fraction i n the plant. There are many problems, such as trajectory control and targeting, for which sol uti ons have not yet been found.
TARGET INTERACTIONS
In order to obtain a useful thermonuclear burn, one needs a plasma temperature of over 5 kilOVOl t s , a plasma pressure of about 1000 megabars, and an ion density of the order of 3 x 1 OZ2 ions Per cccgl. Using a model i n which shock preheating i s followed by uniform compression, Jarboe has shown t h a t a planer target system leads to projectile velocity requirements that are about a factor of five higher than for a spherically converging target SYStem[lOl. In his calculations, Jarboe takes into account thermal conduction and Bremsstrahlung radiation losses. Audenaerde has shown that the energy losses due to spherical -target compressi b i 1 i ty are consistent with those assumed by JarboeCll1.
The linear macroparticle velocity requirements for duplicating laser pellet compressions are higher by a factor of about six than for the case where macroparticle linear energy i s converted to spherical target energy i n a simple hydrodynamic sequenceLl21. Only a purely hydrodynamic spherically, or quasi -spherical ly, convergent target system seems feasible for impact fusion.
A major problem in impact fusion target design i s the conversion of linear kinetic energy of the p r o j e c t i l e i n t o a spherically, or quasi-spherically, converging compression of the thermonuclear fuel without a severe l o s s i n energy and assembly velocity. Although a definitive calculation has not y e t been done, a maximum energy transfer from linear to spherical motion would seem t o be about 20% with a small loss i n velocity for two colliding macroparticles of equal masses and equal and opposite v e l o c i t i e s . I t i s a l s o necessary to avoid excessive t a r g e t accuracy requirements for the macroparticles.
Starting with Jarboe's optimal spherical target system of an imploding shell w i t h about 12 megajoules of 1.3 x 107 cm/sec [13] , adding the assumption of of energy moving spherically inward w i t h a velocity 20% energy efficiency in going from l i n e a r t o spherical motion with no loss in velocity, and assuming equal mass projectiles moving towards each other, one finds the mass, velocity, and energy of each p r o j e c t i l e t o be those given ;,n Table I Velocity multiplication by colliding macroparticles of successively smaller masses has been proposed by Winterberg, among others, as a means of reducing the velocity requirements on impact fusion [14] . Assuming a macroparticle mass r a t i o of ten to one, one stage multiplication, and applying .simple impact mechanics without any inelastic losses for velocity multiplication (which i s most optimistic), one finds the r e s u l t s given i n Table I under the heading "With Velocity Mu1 tiplier". Planer shock relations are used i n these calculations for the preheat before the uniform compression. Chri stiansenCl51 discusses the possi bi 1 i t y t h a t spherical shock and wave focusing m i g h t reduce the macroparticle velocity requirements. Table I have thermonuclear y i e l d s which are greater than the minimum economic yield and less than the vessel containment 1 imi t.
ACCELERATOR SYSTEMS
Three electromagnetic accelerator systems that m i g h t meet the projectile velocity requirements are the rail gun accelerator, the travell i n g magnetic wave accelerator, and the laser driven ablative accelerator. Tidman and Goldstein have a1 so proposed a plasma impul se accel eratorCl61.
The segmented r a i l gun as analyzed by HawkeC171 and by Muller, Garwin, and Richter [181 seems to offer the most promise of being developed into an impact fusion accelerator.
Using. the information i n [17] and [181, one finds the entries in Table I1 for the r a i l gun.
Marrs and others have shown that the physics limitation of the travelling magnetic wave accelerator i s the current density i n the Type I1 su erconductor i n the projectile of n o t more than 5 x 10 8 amps/sq.meter[l91. He further concludes that magnetic f i e l d s of 10 Tesla a t t h e high velocity end of the accelerator can not be achieved because of the energy-density 1 imit of capacitors and the inductance of switches and current feeds.
The length of the accelerator is therefore much longer and the efficiency much l e s s than those given i n the Impact Fusion Workshop. Knox and others have analyzed the electrical engineering aspects of the travell i ng wave accelerator and shown that there is l i t t l e possibility of recovering the energy stored i n the magnetic f i e l d of the driver coils because the, technology does not e x i s t f o r h i g h voltage, high current, fast opening switches a t acceptable accelerator lengths [20] .
The frequency requirements for the h i g h velocity stages coupled w i t h the irreducible inductance requirements of the accelerator coils and feeds dictate a capacitor voltage greater than 100 kv. The plasma impulse accelerator will probably a1 so have the same h i g h voltage and switching difficulties as the travelling magnetic wave accelerator.
Acceleration of macroparticles to the required velocities and energies by laser driven ablation i s possible in principle.
The efficiency of conversion of l a s e r energy t o projectile kinetic energy can be as h i g h as 20%
[21] ; b u t w i t h maximum CO2 long-pulse laser generation efficiencies of about 25%, the overall efficiency is less than or equal to 5%. This r e s u l t s i n excessive energy requirements for the laser.
None of t h e d i f f i c u l t problems of beam blocking, focal spot tracking or p r o j e c t i l e s t a b i l i t y have been considered by the proponents.
Some of the laser ablative accelerator techniques appear quite capable of accelerating fractional gram particles to velocities of the order of 106 cm/sec. This could .be quite useful for magnetic fusion reactor refueling and equation of state studies.
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CONCLUSIONS
There are several distinct advantages of impact fusion over the more conventional inertial confinement fusion concepts.
One advantage i s t h e relative ease of inserting a small macroparticle i n t o a reactor vessel cavity as compared w i t h l a s e r o r charged p a r t i c l e beam transport. Impact fusion has no analogue to the last optical surface of l a s e r inertial fusion or the last electrode of ion or electron beam fusion that could be destroyed during the thermonuclear burn. Impact fusion can achieve the necessary h i g h y i e l d s , of the order of a few gigajoules, which are difficult to achieve with lasers except at unrealistically high target gains.
The efficiency of macroparticle accelerators can be considerably higher than laser efficiencies. The needed mac roparticl e accelerator techno1 ogy i s nearer to realization than laser technology.
The r a i l gun accelerator i s well adapted to the delivery of some 10-100 megajoules of energy to the fusion target and the electrical technology involved i s relatively simple--inductive storage and/or rotating machinery and capacitors.
The r a i l gun has the potential of developing into an impact fusion macroparticle accelerator, and i t i s t h e most promising electrical accelerating system since i t s efficiency can be h i g h , i t s length relatively short, and there i s a considerable body of experimental work. The next step i n rail gun development would be to increase the velocity by a factor of three or four using three to five gram pellets. The final goal of r a i l gun research and development would then be t o increase the velocity by another factor of five t o s i x t o obtain impact fusion parameters. 
